[1] The Kuroshio Extension Observatory (KEO) is a highly instrumented moored reference station located at 32.3°N, 144.5°E in the recirculation gyre south of the Kuroshio Extension. On 19 September 2009, the eye of Typhoon Choi-Wan (International designation: 0914) passed ∼40 km to the southeast of the KEO surface mooring. Hourly meteorological and physical oceanographic measurements together with 3 hourly air-sea carbon dioxide observations telemetered from KEO in near real time show the evolution of the upper ocean and its associated air-sea fluxes during the passage of this storm and its aftermath. During the approach of the storm, the mixed layer freshened because of intense rainfall. This was followed by a large outgassing of CO 2 , rapid cooling, and an increase in salinity. Although these changes in mixed layer properties imply substantial entrainment, they were accompanied by upwelling and ultimately a temporary ∼20 m shoaling of the mixed layer. This upwelling, which was observed at all depths, including the deepest sensor near 500 m, was coincident with the onset of near-inertial oscillations in the mixed layer currents. After the typhoon passed, inertial pumping caused ∼15-20 m amplitude vertical displacements throughout the top 500 m that continued for at least 6 days. A large oceanic response was observed in this case even though the eye of Choi-Wan passed to the right of KEO, resulting in winds rotating cyclonically with time, in opposition to the anticyclonic-rotating near-inertial currents.
Introduction
[2] It is widely appreciated that tropical cyclones represent strong forcing events for the upper ocean, as evidenced by satellite observations of substantial decreases in sea surface temperature (SST) in the cyclones' wakes. These wakes are not restricted to a narrow path along the storm center's path but rather can occur in a swath hundreds of kilometers wide, as illustrated in Figure 1 for the present case, Typhoon Choi-Wan in September 2009 (International designation: 0914) . The cooling of the upper ocean has a variety of implications. First, this cooling serves to reduce the air-sea temperature and hence the fluxes of enthalpy, thereby influencing the evolution of the storm itself, and the formation and evolution of subsequent storms (see the work of Bender et al. [1993] , among many others). The other implications may be less obvious. As discussed by Emanuel [2001] and Sriver and Huber [2010] , the upper ocean mixing with these storms impacts the vertical distribution of heat, and ultimately meridional heat transports. In this way, tropical cyclones help drive the poleward flux of heat and thereby the thermohaline circulation and global climate. Moreover, these storms may represent an important contribution to the net air-sea flux of CO 2 of the subtropical oceans [Bates et al., 1998a] . Therefore, from both weather forecasting and climate perspectives, it is important to better document how the upper ocean responds to these intense events.
[3] Subsurface measurements of the oceanic response to tropical cyclones are sparse, however, since these events are highly episodic and rare for any specific location. In particular, while there have been a number of investigations of the before and after oceanic conditions associated with Atlantic hurricanes based on expendable profilers [e.g., Sanford et al., 1987] , these have been limited to snapshots. A well-instrumented buoy with a high data collection rate is the most effective way to fully document the temporal evolution of the ocean to the approach, passage and departure of a storm. Previous case studies from the Atlantic Ocean [Dickey et al., 1998 ], the East China Sea [Nemoto et al., 2009] , and the Indian Ocean [McPhaden et al., 2009] , include observations of a variety of ocean responses to the passage of tropical cyclones but none of these studies had the number and variety of sensors available on the Kuroshio Extension Observatory (KEO) mooring.
[4] The KEO surface mooring is a reference station mooring deployed at 32.3°N, 144.5°E in the recirculation gyre south of the Kuroshio Extension . KEO is instrumented to monitor air-sea fluxes of heat, moisture, momentum, and carbon dioxide; temperature and salinity down to 525 m; and near-surface currents (see Appendix A). The oceanography of the region includes considerable mesoscale energy and occasionally strong mean currents in association with southward displacements of the Kuroshio Extension. A well-defined seasonal thermocline exists between typically 50 and 100 m in the late summer and fall. Below this layer is North Pacific subtropical mode water (STMW) [Hanawa and Suga, 1995] of high salinity, low-density stratification, and high dissolved inorganic carbon (DIC) and CO 2 partial pressure (pCO 2 ). Although KEO is located at a latitude where tropical cyclones typically begin to make their extratropical transition [e.g., Bond et al., 2010] , these storms can still be intense. In particular, the eye of Typhoon Choi-Wan was well defined as it passed 40 km to the southeast (i.e., to the right) of KEO on 19 September 2009 (Figures 1-2 ). This case study thus provides a useful contrast to the study of Dickey et al. [1998] of the response to Hurricane Felix, which passed to the left of the Bermuda Testbed Mooring (BTM). For cyclones in the Northern Hemisphere, winds in these locations rotate anticyclonically with time and thus can resonate with the currents with near-inertial oscillations, while on the other side of the track of a storm's low center (e.g., at KEO during Choi-Wan), the winds rotate cyclonically, and thus counter to these currents. As discussed by Price et al. [1994] among others, near-inertial internal waves represent a primary mechanism through which storm-forced currents in the mixed layer impact the thermocline and deeper waters and their resonant forcing causes the oceanic response in the wake of the typhoon to be strongest to the right of the eye's path. Thus one might expect that the response described by Dickey et al. [1998] would be more dramatic than found at KEO, all else being similar. We will show, however, that while the response was slightly less than seen at BTM, the inertial oscillations were relatively strong, due in part to the asymmetry of the storm as it passed the mooring. The present case will also be compared to the study of Nemoto et al. [2009] , which considered atmospheric and oceanic CO 2 observations from a mooring during the passage of three typhoons (one that passed essentially overhead, one that passed 300 km to the left, and one that passed 300 km to the right). Scale parameters are provided here for purposes Figure 1 . Surface winds (vectors) from Jet Propulsion Laboratory's SeaWinds QuikSCAT Level 3 swath data set, and daily averaged sea surface temperature (color fill) from the Global Ocean Data Assimilation Experiment (GODAE) high-resolution sea surface temperature (SST) data set for approximately 0000 UTC on (top) 19 September and on (bottom) 20 September. The black square indicates the location of the Kuroshio Extension Observatory (KEO) mooring. The blue dots represent approximate positions of the surface low center at 6 h intervals between 0600 UTC 19 September and 0600 UTC 20 September. of comparison with other studies of the ocean's response to tropical cyclones.
Review of Weather and Measurement Systems
[5] The disturbance that became Typhoon Choi-Wan was identified as a tropical depression on 12 September 2009 by the Joint Tropical Warning Center (JTWC). The storm intensified rapidly and became a category 5 super typhoon by 16 September with an estimated central sea level pressure (SLP) of 917 hPa and peak sustained winds of 71 m s −1 . It reached its westernmost point early on 18 September and then began propagating to the northeast. It had a forward speed of U H ∼ 11 m s −1 (based on the track from JTWC) as it passed ∼40 km to the southeast of KEO at approximately 1800 UTC 19 September as a category 1 typhoon. A regional perspective of the SST and winds as Choi-Wan approached KEO, and a short time after its passage, is shown in Figure 1 . There was a relatively homogeneous distribution of SST south of 34°N prior to the storm. As indicated by the change in SST illustrated in Figure 1 , ChoiWan caused surface cooling that was enhanced along a pair of swaths, with one displaced to the northwest of the track of the low center and the other to the southeast of the track.
[6] A higher-resolution analysis of the winds at 1800 UTC 19 September near the time of the closest approach of the storm to KEO is shown in Figure 2 . Choi-Wan was then in the early stages of its transition to an extratropical cyclone, and had already become asymmetric. The distribution of the wind at this time included a local minimum in speed just to the southeast of the storm center, and in general, lower speeds to the north than to the other sides of the storm center. KEO experienced the strong tangential winds associated with the vestiges of the cyclone's eyewall; the combination of cyclonic curvature and horizontal shear implies intense positive wind stress curl. The corresponding Ekman pumping caused upwelling within at least the upper 500 m, as will be shown below. The passage of the storm center to the right of KEO caused the winds to blow first from the northeast and then from the northwest. This counterclockwise (cyclonic) shift in the wind direction with time is opposite to the sense of turning of inertial currents, as mentioned earlier. Nevertheless, as will be shown below, Choi-Wan's strong winds did result in substantial impacts on the upper ocean including near-inertial internal waves and inertial pumping.
[7] For this analysis, we use data from the KEO mooring, including hourly meteorological data for computing the bulk air-sea heat, moisture, and momentum fluxes [Fairall et al., 2003; Kubota et al., 2008] , 3 hourly sea-air pCO 2 from a PMEL MAPCO 2 surface ocean and atmospheric CO 2 measurement package similar to the one described by Shellito et al. [2008] , hourly temperature from 20 sensors in the upper 525 m, hourly salinity from 11 sensors in the upper 525 m, and hourly near-surface (15 m) currents. Because of the strong currents in this region, the KEO mooring is of slackline design with a scope of 1.4. Thus the temperature and salinity data from all subsurface sensors were remapped onto constant depth surfaces using the pressure data from the sensors. Details of the KEO mooring system used in 2004-2006 are given by Cronin et al. [2008] . The mooring was updated in 2007 to make it more robust to the harsh conditions found in the Kuroshio Extension. These modifications are described in Appendix A.
[8] As shown in Figure 3 , indications of the impending typhoon could be seen in the reduction of solar radiation because of clouds late on 18 September. Less than 24 h later, on 19 September at 1800 GMT, the SLP reached a minimum of 955 hPa, coinciding with a burst of rainfall and a shift from east-northeasterly winds of 20 m s −1 during the storm's approach, to northwesterly winds of 20-30 m s −1 during its departure. The latter interval included the peak wind gust of 41 m s −1 . The time series of the winds at KEO, and the wind analysis shown in Figure 2 , indicate that the positive wind stress curl and local Ekman upwelling at KEO was primarily over the period of 1500 to 2000 GMT on 19 September. This timing is relevant to interpretation of the oceanographic observations presented below.
[9] The wind shift was accompanied by a decrease in the precipitation as measured by the R. M. Young capacitance rain gauge from rates of ∼10 mm h −1 to < 1 mm h −1 late on 19 September. There was a 3 h data gap earlier on 19 September; we expect there was considerable rain during that interval based on the salinity observations presented later. We are unaware of previous studies of tropical cyclones reporting direct observations of precipitation rates over the open ocean. The peak hourly rate of ∼15 mm h
observed at KEO by the R.M. Young rain gauge compares quite well with the mean rain rate of ∼18 mm h −1 in hurricane rainbands found by Marks et al. [1993] based on airborne radar measurements. It should be noted that this KEO rain gauge measurement includes the correction of Serra et al. [2001] for wind effects based on the work of Koschmieder [1934] .
[10] The sum of the surface sensible and latent heat fluxes increased rapidly to over 800 W m −2 with the onset of the winds from the northwest. This increase is due to the relatively cool and dry air to the west of the storm center, and is a sign of the asymmetry, and the early stage of Choi-Wan's extratropical transition, mentioned earlier. By way of comparison, Jacob et al. [2000] reported peak combined heat fluxes of ∼1200 W m −2 in association with Hurricane Gilbert. For the present case, the average rate of net heat loss at the surface was ∼390 W m −2 for the 24 h period beginning 1900 UTC 19 September, corresponds to a cooling rate of less than 0.2°C per day distributed over the top 50 m, which is the approximate depth of the mixed layer prior to the event. The mixed layer experienced a drop in temperature of ∼0.7°C during this period reflecting both the heat loss to the atmosphere and the introduction of cooler water from below.
[11] September is a transition period for the KEO region from summer time supersaturated carbon dioxide levels to the winter undersaturated values. As sea surface temperatures cool, the surface water pCO 2 decreases by 4.23% per degree Celsius decrease in temperature because of a redistribution of the dissolved carbon species [Takahashi et al., 1993] . Prior to the storm, KEO surface waters were a small source of CO 2 to the atmosphere with the water minus air values (DpCO 2 ) of about 10-20 matm (Figure 2 ). As the storm passed the site, surface water pCO 2 increased dramatically giving a maximum DpCO 2 of nearly 55 matm. There was a relaxation in this pressure difference to the prestorm conditions of 10-20 matm in the 12 h following the storm, and then a slow decrease in the oceanic pCO 2 until the surface ocean was a small sink for CO 2 approximately 5 days after the storm.
Evolution of Upper Ocean Conditions
[12] The evolution of the upper portion of the water column during the passage of Choi-Wan, and its aftermath, was well-sampled by KEO. Here we first illustrate the oceanographic response during the storm itself through time depth sections of temperature and salinity for a 6 day period (17-22 September) encompassing the storm (Figure 4) . The most rapid cooling of the upper portion of the water column began late on 19 September continuing into early the next day. This cooling coincided with marked shoaling of the base of the mixed layer and began during the northwesterly Figure 3 . Hourly time series of air-sea interaction parameters observed at KEO for 17-22 September 2009, except for DpCO 2 , which is 3 hourly. From top to bottom, the sets of traces indicate the downward shortwave radiation (black) and longwave radiation fluxes (red); rain rate (black) and barometric pressure (red); zonal (black) and meridional (red) components of the wind; average wind speed (black) and peak gust (red); SST (black) and DpCO 2 (red); seaair temperature difference (black) and atmospheric relative humidity (red); net surface heat flux (black), surface latent heat flux (red), and surface sensible heat flux (green). The units are indicated with the scales on the sides of the panels. The winds are based on 6 bursts of data of 2 min duration each hour, and the gusts are peak values of 3 s averages of the speeds during each set of bursts. winds after the closest passage of the SLP low center. An important point here is that this upwelling, and thermal response, occurred after the main wind shift and implied wind stress curl, as indicated by the time series of the winds shown in Figure 4 (top). As a consequence, the mixed layer was thinnest at around 0600 UTC on 20 September. After this period of direct forcing by the typhoon, the mixed layer started to slowly thicken while also experiencing the pumping associated with internal near-inertial waves. The period from 20 to 22 September also included a slow cooling of the mixed layer, and a vertical spreading in the isotherms in the 25°-26°C range, i.e., a decrease in the thermal stratification in the upper portion of the thermocline. Similarly, Maeda et al. [1996] documented the onset of prominent near-inertial oscillations with a sudden decrease in the winds associated with a typhoon.
[13] The sudden rise in DpCO 2 with the storm seen in Figure 3 is likewise consistent with the onset of vigorous entrainment into the mixed layer of water with high pCO 2 . The subsequent drop in pCO2 in the surface waters on 20 September implies a marked decrease in the rate of entrainment relative to the effects of cooling because of the loss of heat at the surface, and secondarily, the outgassing at the sea surface. We note that there appeared to be a continuance of the mixing within the thermocline during this interval, leading to reduced stratification in that layer as noted above. As the mixed layer continued to cool in the days following the storm the pCO 2 changed following the thermodynamic response.
[14] With regards to salinity, rainfall apparently occurred early on the 19th, as reflected by the temporary freshening of the upper 30 m (there was a short gap in the rainfall record). The salinity in this layer then increased by about 0.3 psu over approximately the next day because of the inferred entrainment driven by mixing. The inertial pumping that began on 20 September indicated in the temperature time series is also evident in the salinity. On the basis of the vertical displacements of the 34.5 isohaline, the amplitude of these waves was 12-15 m. During 20 and 21 September, there was a lag of a few hours between the upward heaves in the isohalines below the mixed layer and temporary maxima in salinity in the upper 40 m. The freshening on 20 and 21 September does not appear to be due to rainfall, but instead to advection by the horizontal component of the near-inertial currents (shown on top of the lower panel in Figure 4 ), i.e., sloshing of water back and forth with different salinity. D'Asaro et al. [2007] discuss the effect of this mechanism on upper ocean heat content. The horizontal variations in salinity responsible for these fluctuations appear to be largely due to spatial differences in the rainfall associated with Choi-Wan. The background state of the upper ocean in the vicinity of KEO includes higher salinity to the south, but given the measured currents, the gradient in salinity (based on the Levitus climatology) is insufficient to produce the magnitude of the temporal changes observed at KEO. The amplitude of the inertial pumping declined only slowly with time, as shown in a time height section of temperature for the period from 15 through 26 September ( Figure 5 ).
[15] The subtropical mode water (STMW) at KEO (the layer of reduced thermal stratification between about 150 to 350 m) also began experiencing more prominent vertical displacements on 19 September ( Figure 5 ). To the extent that the isotherms represent material surfaces, the vertical amplitudes of the near-inertial waves in this layer were greater in the lower portion of this layer, as can be seen in the trace for the 18°C isotherm that ranges in depth between about 250 and 290 m. This may be attributed to the reduced static stability below the salinity maximum that lies at and above the STMW layer (not shown). The vertical oscillations featured more complex and higher-frequency structures with time after the storm, reflecting the growing presence of higher-order modes [Gill, 1984] . The time depth section of temperature also indicates a rather sudden increase in thermal stratification in the lower portion of the STMW late on 19 September shortly after the passage of the storm. This stratification appears to be caused by the overall cooling at depth apparently because of upwelling, while the temperature at the base of the seasonal thermocline remained relatively steady presumably because of compensation between the downward mixing of heat and upwelling of cool water (Figure 6 ). The STMW is usually effectively insulated from the atmospheric forcing at this time of year. By increasing the stratification of the STMW, extreme events such as Choi-Wan can impact the MLD that develops in the following winter [Qiu and Chen, 2006; Kako and Kubota, 2007] .
[16] There are interesting differences in the timing of the primary changes in mixed layer temperature, salinity and DpCO 2 during the passage of Choi-Wan. The sharp rise in DpCO 2 preceded the main drop in temperature by about 6 h, which itself occurred about 9 h before the most rapid increase in salinity. This sequence could be explained if the Ekman pumping brought up water from near the base of the mixed layer that was relatively high in CO 2 but not much colder than the surface waters, followed by entrainment of colder water from well within the seasonal thermocline. This cooling was initially accompanied by only a modest increase in the salinity in the upper part of the water column because of rainfall. The later increase in salinity occurred during a period of northward near-inertial currents.
[17] The meteorological and upper ocean measurements collected at KEO have been used to carry out a scale analysis of the mixed layer momentum during the period of strongest wind forcing. The purpose here is to determine how well the forcing in this case, which was more impulsive than resonant with the rotation associated with near-inertial flows, corresponds with the observed mixed layer currents. The wind shifted at about 1800 UTC 19 September from out of the east-northeast to out of the northwest. The first two hours of the northwesterly winds coincided with a decline in the current speeds measured in the upper 15 m from about 0.6 m s −1 to 0.25 m s −1 . This deceleration can be attributed to the opposition of the winds to the currents generated prior to the primary wind shift, since the inertial rotation of these currents was counter to that in the winds. From 2000 to 2300 UTC, there was an increase in the upper layer currents from about 0.25 m s −1 to 0.75 m s −1 . This change in momentum, combined with the integrated value of the surface momentum flux over the 3 h period (∼2.5 × 10 4 Nt-s m −2 ), implies that the momentum supplied by the wind was distributed over an effective depth of 50 m. This value matches the observed mixed layer depth based on density. The upper ocean currents observed at KEO slowed to about 0.55 m s −1 by about 1200 UTC on 20 September. Presumably, the primary cause of this decrease was the transfer of energy to the thermocline [Price, 1983] . The mixed layer currents remained of near constant amplitude until late on 25 September and then decreased to ∼0.35 m s −1 over the course of about 12 h. In summary, the strong northwesterly winds that occurred immediately after the passage of the center of Choi-Wan represented a source of impulsive forcing of mixed layer currents. The strength of these northwesterlies, relative to the preceding east-northeasterlies, can be attributed to the asymmetry of the cyclone as it passed KEO. An important result from this case is that wind forcing by a passing tropical cyclone can generate energetic inertial oscillations even on the left side of the storm center's path.
Comparison With Other Studies
[18] A set of parameters characterizing Choi-Wan is presented in Table 1 . Relative to the events studied by Price et al. [1994] , Dickey et al. [1998] and Shay et al. [1998] , Choi-Wan was a faster-moving storm and larger, as gauged by the radius of maximum winds R MAX , as it passed KEO. It had comparable values for the maximum wind stress curl (t MAX ) and nondimensional storm speed (S), and for the amplitudes of the maximum ML currents (∼0.8 m s −1 ) and isopycnal displacements. The latter's value of 12-15 m is consistent with the vertical velocity in the wake of the storm in the formalism of Greatbatch [1984] , but is about triple the value suggested by the scaling of Price et al. [1994] . The vertical displacements of the isotherms at depth immediately after the passage of Choi-Wan (noted above) are consistent with the vertical structure in association with inertial pumping accompanying large, fast moving storms [Greatbatch, 1984] . The mixed layer currents had a maximum amplitude of ∼0.8 m s −1 . This amplitude is about 80% of the value of U ML indicated from the scaling of Price et al. [1994] . This discrepancy is presumably due to the lack of resonance between the rotations of the winds and currents in the present case.
[19] Previous studies of the effect of tropical cyclones on CO 2 gas exchanged have noted a decrease in surface water pCO 2 after the storm [Bates et al., 1998a [Bates et al., , 1998b Nemoto et al., 2009] . In the case of the Bates et al. studies, they were not able to sample the area until 6 days after the passage of Hurricane Felix. They noted lower pCO 2 values in the cold wake of the storm, which they attribute to a thermodynamic response to the cooling. On the basis of our observations of the high CO 2 signal, they could have easily missed a mixing signal directly associated with the storm. In fact, a PMEL MAPCO 2 system mounted on the BTM recorded a similar sharp increase followed by a sudden decrease in surface water pCO 2 as a category 2 hurricane, Felix, passed over the BTM in September 2006 (not shown).
[20] Nemoto et al. [2009] did have high frequency moored CO 2 observations as the typhoons passed, but saw a decrease in CO 2 values with two of the typhoons and only a modest increase in CO 2 with one typhoon (T9719, which passed well to the right of the measurement location). They did see an increase in temperature normalized pCO 2 , however, suggesting that there was entrainment of some high CO 2 water into the mixed layer, but the thermodynamic Figure 6 . Temperature profiles at 1200 UTC 19 September (black line) and 1200 UTC 21 September (red line). The depths at which the temperature sensors were located at each time are indicated with x's.
cooling effect overpowered the signal to give a net decrease in pCO 2 .
Conclusions
[21] Typhoons cross 30°N between Japan and 155°W an average of once every two weeks during the months of September and October [Bond et al., 2010] . Because they are relatively frequent and cause substantial responses along broad swaths (Figure 1) , they represent an important feature of the regional oceanography and potentially the larger climate system. The KEO buoy suffered some damage from the passage of Typhoon Choi-Wan on 19 September 2009, but all variables continued to be measured over the course of the event and its aftermath, and returned a very interesting set of measurements in real time.
[22] The observations of mixed layer (ML) temperature indicate the most rapid cooling after the period of greatest positive wind stress curl/Ekman pumping. Instead, this cooling was associated with combination of upwelling, as revealed by doming of the isotherms and isohalines, and enhanced entrainment, as indicated by the rapid increase in pCO 2 in surface waters. The salinity in the ML increased during the passage of the storm and its aftermath; the fluctuations in the salinity after storm passage appear to be related because of near-inertial currents acting on horizontal gradients in salinity. The near-inertial waves had currents as large as ∼0.8 m s −1 in the ML and pycnocline displacements of 12-15 m in the seasonal thermocline. These values are comparable to those observed in previous typhoons even though the present case involved cyclonic turning of the winds, and hence a lack of any resonance with the ML nearinertial currents, which rotate anticyclonically. Instead, this was a case of impulsive forcing, due in part to the axial asymmetry in Choi-Wan while in the vicinity of KEO. The STMW below the seasonal thermocline underwent a noticeable, and rather sudden, increase in thermal stratification with the passage of the typhoon. Prominent vertical displacements in the isotherms were observed as deep as 400 m immediately after the storm, and continued over the next 6-7 days.
[23] The full data set from KEO is not yet available. In particular, the ADCP-based currents, and 10 min thermodynamic data that will be forthcoming should allow better characterization of the flow during and in the immediate aftermath of the storm. All of the measurements for this case will be made available to the oceanographic community. While we do not expect these additional measurements to change our findings, they would be helpful in the evaluation of heat, salinity, and momentum budgets and for other kinds of analyses. Our analysis focuses on the data from the KEO mooring. There are other observable assets for the region, namely satellites and floats. These data, however, generally do not have sufficient temporal resolution to capture the evolution of the ocean response to the passage of the typhoons. The generation [Zhai et al., 2007] and propagation [Lee and Niiler, 1998 ] of near-inertial waves are sensitive to the mesoscale structure of the background fields. The effects of the mesoscale variability are perhaps best diagnosed through high-resolution numerical ocean model experiments. In general, this case represents one of the best data sets in existence for validating numerical ocean model simulations of the high-frequency aspects of the ocean's response to a strong forcing event.
Appendix A: The Kuroshio Extension Observatory (KEO) Mooring
[24] The Kuroshio Extension Observatory (KEO) mooring deployed in 2009 had several important differences from the KEO mooring described by Cronin et al. [2008] . In 2007 the mooring was updated to make it more robust to the harsh conditions of the Kuroshio Extension. In particular, the filled toroid buoy hull was replaced with a 2.5 m discus buoy hull to provide increased buoyancy and improved hydrodynamics to reduce drag. The mooring system was also enhanced with a secondary (duplicate) meteorological sensor suite with a separate data logger (referred to as FLEX). All surface meteorological data are now hourly averaged with a trapezoidal filter centered at the top of the hour and telemetered to shore via Iridium. Likewise, this new data logger telemeters subsurface hourly data to shore via Iridium. In addition, beginning in 2008, the KEO mooring was enhanced with a Druck barometer and a new Vaisala WXT-520 weather module. During typhoon ChoiWan, the primary meteorological system failed and shortly thereafter, the secondary Gill sonic anemometer failed, leaving the Vaisala WXT-520 as the sole functioning wind sensor. The data used in this study thus relies upon merged data from the primary and secondary systems with corrections as described below.
[25] Intercomparisons between the sensors from the different systems during common functioning periods indicated close agreement for most parameters, with the exception of wind and rain. Both the secondary Gill sonic anemometer and the Vaisala WXT-520 were at lower heights than the primary Gill sonic anemometer and thus were subject to shielding. Consequently, their measured wind speeds were systematically low and required a 10% correction. For rainfall, the primary and secondary R.M Young gauges agreed remarkably well with one another. Low catchment because of wind is a known problem [Koschmieder, 1934] with rain gauges of the R.M. Young type, hence these data have been corrected using the polynomial provided by Serra et al. [2001] . The rain rates measured by the Vaisala WXT-520, however, were about 30-50% higher than these corrected values prior to the typhoon and nearly six times larger during the typhoon, with a peak hourly rate of ∼100 mm h −1 . The Vaisala rain rates are likely too high [Lanza et al., 2010] ; we speculate that this may be due to artificially high velocities and hence impacts of raindrops in strong winds. Thus for this study, we use the corrected R. M. Young rain gauge data (Figure 3) .
[26] In summary, several changes were made to the KEO mooring system in 2007 that proved to be critical for obtaining observations of Typhoon Choi-Wan. These changes include use of a more stable hull, redundant meteorological sensors, and telemetry of the hourly surface and subsurface data.
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